A careful study of the phosphorescence afterglow and the thermoluminescence (TL) of sol-gel-prepared m-ZrO 2 nanocrystalline powders in an extended temperature range −100 to 300°C was carried out. Wavelength-resolved TL proved the existence of a single active luminescence centre in this temperature range. A TL method based on various heating rates was used to derive more reliable trap depths of 0.75, 0.95, 1.25, 1.46 and 1.66 eV whereas deconvolution methods provided somewhat lower values. The most intense room-temperature afterglows (that were easily observable beyond 1000 s) were obtained from samples annealed at 1250 and 1500°C, and were attributed mainly to depopulation of the 1.25 eV traps. 
Introduction
Phosphors with persistent luminescence are potentially important components of sustainable energetics, e.g. for glow-in-the-dark displays and signs [1] . Moreover, biologically inert nanoparticles with persistent afterglow are useful as autonomously emitting bio-labels for in-vivo medical research [2] . Wide-gap oxides ZrO 2 and HfO 2 expose well-known intense broadband photoluminescence (PL) around 490 nm. The origin of this emission is still disputable, but is probably due to either oxygen vacancies [3] [4] [5] , Ti impurity centres [6] [7] [8] or their combined aggre-gates. This PL frequently reveals an afterglow in the time frame of hundreds to thousands of seconds [4, 5, [7] [8] [9] , suggesting a perspective for implementation of new persistent phosphors. Advantages of these materials over many existing phosphors are their relatively simple structure, easier preparation (using sol-gel method), superior mechanical, chemical and thermal endurance, and non-toxicity. Moreover, matrices with a strong intrinsic PL do not require the use of expensive or environmentally hazardous activators, such as rare earth ions [10] .
A number of studies report thermoluminescence (TL) of monoclinic zirconia [4, 6, 8, 9, [11] [12] [13] [14] , and the dosimetric use of its TL have been demonstrated [11, 13, 14] . Already one of the earliest works [6] suggested that oxygen vacancies act as electron traps giving rise to the TL. However, even for nominally pure ZrO 2 the reported glow curves tend to be quite different and sometimes contain many glow peaks, implying that several different trapping centers are involved depending on the origin of the sample and the type of irradiation. Even the interpretation of the depths of the traps is rather ambiguous. Therefore the aim of the present work was to gather TL and afterglow characteristics of sol-gel-derived ZrO 2 in an extended temperature range, employ different TL techniques to provide more reliable estimates for the depths and distributions of charge traps and clarify their origin and relation to the afterglow depending on the annealing temperature.
Samples and experimental
Samples were prepared as follows. First, Zr(IV)butoxide (80 wt% in 1-butanol, Sigma-Aldrich) was dissolved in 1-propanol (Sigma-Aldrich, ACS reagent, ≥99.5%, distilled before use) at volume ratio 1:1. The solution was added drop-wise under vigorous stirring to distilled water containing 0.1% of hydrochloric acid (37%, AppliChem GmbH, analytical grade). As a result, white precipitant was formed. The excess water was poured and the obtained precipitant was dried and aged at room temperature for several days. As-prepared powder was divided into several parts that were annealed either at 500, 750, 1000, 1250 or 1500°C for 2 hours. The differently annealed samples will be referred to as A500, A750, and so on.
PL excitation spectra were recorded with Jobin-Yvon Fluoromax-4 (spectral response correction was applied). PL emission, TL and PL afterglow measurements were all carried out by using a home-assembled setup consisting of a Linkam THMS350V heating/cooling stage combined with a spectrometer, equipped with CCD camera and photomultiplier tube, while Ekspla NT340 series pulsed optical parametric oscillator was used for excitation. Prior to TL measurements, one complete heating cycle was always carried out to empty the traps. All samples were irradiated under the same conditions for 3 minutes.
Raman spectra were recorded by using a Renishaw inVia micro-Raman spectrometer (spectral resolution 2 cm −1 ) employing the 514 nm line of an argon-ion laser for excitation and a 50× objective for focusing of the laser beam and collecting the backscattered Raman signal. X-ray diffraction (XRD) patterns were recorded using a SmartLab (Rigaku TM ) diffractometer. LaB 6 (SRM-660) standard material and Williamson-Hall method was used for crystallite size estimation from XRD patterns [15] .
Results and discussion
Raman spectra of the samples indicated that after annealing above 1000°C the powders had developed a quite phase-pure monoclinic structure (Fig. 1) . Only samples A500 and A750 revealed weak Raman peaks due to tetragonal structure, and possibly an incomplete crystallization evidenced by a non-zero background and notably weaker intensity of scattering. According to XRD analysis (Fig. 2 ) the monoclinic phase was the dominant phase in all samples. In agreement with Raman scattering results, the tetragonal (or cubic) phase was observed only in samples annealed up to 1000°C, and its concentration, determined by Rietveld analysis of diffraction pattern, was below 3 wt% in all of the samples. The crystallite size of the tetragonal (or cubic) phase was about 9(1) nm in A500 and increased up to 25(3) nm in A1000. The crystallite size of the monoclinic phase was 8(1) nm in A500, the size increased up to 33(4) nm in A1000 and reached the value of 63 (6) Samples A500 and A750 barely revealed any PL signal.
Since the crystalline quality is still quite low (and mixed monoclinic/tetragonal) after these heat treatments, either proper PL centers have not formed yet or are strongly quenched. In contrast, samples A1000, A1250 and A1500 had reasonably strong PL signal for luminescence measurements. The PL spectra of these samples consist of a single broad band with emission peaking at 490 nm and excitation at 280 nm ( Fig. 3 ). Both PL afterglow as well as TL emission have also very similar spectral distribution. The most intense initial afterglow was obtained from sample A1250 (Fig. 4 ). Yet, after ∼500 s the decays are nearly identical for samples A1250 and A1500 whereas the emis- sion of A1000 remains weaker. The overall shape of the decay profile is fundamentally different from exponential decay (or even a sum of exponentials) as demonstrated by the nearly linear behaviour in double-log scale (Fig. 4) . This may indicate that the first order kinetics model does not apply for the traps responsible for the afterglow, and a significant retrapping takes place [8] .
For all studied samples, the TL glow curves in the temperature range of −100 to 300°C contained four distinct glow peaks at −35, 5, 110 and 215°C, when recorded at the rate of 20°C/min (Fig. 5 ). The only exception was sample A1250, which had the last glow peak shifted down to 205°C, probably indicating a different, but structurally similar trap. Generally all glow peaks became systematically stronger with the increase of annealing temperature. Wavelength-resolved TL revealed no spectral modifi- cation of the emission over the recorded temperature range (Fig. 6) , suggesting a single luminescence centre responsible for the emission, in agreement with the elementary shape of the emission spectrum. The intensity of the 110°C TL peak was nearly identical for samples A1250 and A1500. This fact correlates to the presence of an identical tail in the afterglow of these samples (Fig. 4) and suggests that this trap may be responsible for the slow part of the afterglow. Most glow peaks of A1000 were much weaker, in agreement with the overall weaker afterglow. To demonstrate a more direct connection between the afterglow and the TL, we recorded the TL of A1250 after charging at room temperature and used a delay of 0 or 30 min before TL recording (Fig. 5  inset) . The 30 min delay completely destroyed the 5°C TL peak which is therefore responsible for the fast part of the afterglow. In contrast, the 110°C TL peak is moderately affected and contributes to the longer part of the afterglow. No observable impact on the 205°C TL peak was found. Alternatively, the involvement of different traps in the afterglow should be revealed in the temperature dependence of the afterglow decay profile, which was recorded for the sample A1250 (Fig. 7) . Going from room temperature to 35°C, one can see that the initial intensity of the afterglow is reduced whereas the intensity after 100 s becomes slightly stronger. This trend continues up to 65°C. At this temperature the decay profile is most stable and the intensity decreases only 10 times over 1000 s. Such trend implies again that the initial afterglow intensity at room temperature is due to the shallow trap corresponding to the 5°C TL peak whereas the more durable afterglow is due to the trap associated with the 110°C TL peak. The latter becomes prevalent at 65°C. Further increase of the • C/min after charging at 280 nm for 3 minutes. The right half of the graph is multiplied by 10 for better visibility of the high-temperature glow peaks. Inset: glow curves of A1250 after charging at room temperature depending on the delay between charging and measurement. temperature (95°C and above) demonstrates that a cycle emerges in the temperature-dependence of the decay profile. This means that now the trap of the 110°C TL peak contributes to the fast part of the afterglow whereas the even deeper trap (next TL peak) determines the slow part of the decay. Several approaches were used to estimate the actual trap depths. First, a deconvolution of the glow curves with general order kinetics was carried out by using two available programs, TLanal [16] and a Mathcad-based code TLD-MC [17] . The kinetic order was constrained within the physically justified range 1. . . 2. Approximation by Kitis et al. [18] was used in the case of TLD-MC. Only the TL curves of samples A1250 and A1500 were analyzed due to their stronger TL signal. In order to achieve reasonable agreement with the experimental glow curve, it was necessary to also assume the existence of a fifth glow peak in addition to the four peaks directly evident from the glow curve. The best fits were achieved with TLD-MC (Fig. 8) . It is known, however, that TL peak shape and deconvolution methods seldom produce reliable results in the general case. Therefore the activation energies were also extracted by using the method proposed by Hoogenstraaten [19] which requires the recording of the same glow curve with different heating rates and observing the shift of a glow peak position. Then the activation energy is obtained as the slope of the plot of ln(T 2 m /β) against 1/ T m , where T m , β and denote glow peak temperature, heating rate and Boltzmann constant, respectively (Fig. 9) . The Hoogenstraaten's method was originally derived assuming the first order kinetics, but it remains valid for the general order case, provided that the kinetic order remains constant [19] . The obtained depths of the first three traps (about 0.75, 0.95 and 1.25 eV) were again approximately the same for the samples A1250 and A1500 whereas the activation energy of the last glow peak (1.46 vs 1.66 eV) was notably different (the standard error is ∼0 03 eV). Table 1 summarizes the results. It appears that the trap depths derived by Hoogenstraaten's method are notably (up to 0.5 eV) larger than those obtained by deconvolution methods. The outcome of the Hoogenstraaten's method may be affected by a systematic temperature lag, but this should lead to an underestimation (rather than overestimation) of the activation energies [20] . There is a possibility that the discrepancy is a result of a continuous trap depth distribution which deforms the glow peaks and makes the simple glow peak models ill-suited. Moreover, such continuous trap distribution may even explain the observed non-exponential decay without requiring retrapping [21] . Therefore, in the following we still assume the figures due to Hoogenstraaten's method to be most reliable.
Recently, trap depths of 0.86, 1.02 and 1.17 eV were deduced by Carvalho et al. [8] for sol-gel-derived ZrO 2 by a deconvolution of the TL glow curve recorded above room temperature (glow peaks 95, 180 and 240°C). Taking into account the differences in heating rates, only the 205°C glow peak of sample A1250 seems to coincide with the 240°C glow peak reported in Ref. [8] . Remarkably, the deconvolution methods we used produced also similar trap depth 1.16 eV for this peak whereas the Hoogenstraaten's method provides a higher value of 1.46 eV. Bettinali et al. [6] have carried out low-temperature TL measurements after X-ray excitation. Two of the obtained TL glow peaks were located at −28 and 2°C, which probably match the TL peaks we designated as −35 and 5°C. In this case peak shape and initial rise methods produced activation energies as high as 0.72 and 0.82 eV which qualitatively agree with our estimates, 0.75 and 0.95 eV.
Bettinali et al. [6] have also demonstrated an immense enhancement of TL intensity after annealing in reducing atmosphere which provides a good evidence that the TL traps are due to oxygen vacancies. More recently, Ramo et al. [22] have reported DFT calculations predicting thermal activation energies of 0.56 and 0.76 eV for negatively charged oxygen vacancies in HfO 2 (which is structurally and electronically very similar to ZrO 2 ). These values are of a comparable magnitude to our estimated 0.75 and 0.95 eV trap depths (with ∼0.2 eV shift) and may explain the origin of these particular glow peaks. Cong et al. [4] have reported for solid-state reaction produced ZrO 2 a TL glow peak at 125°C which is concordant to our 110°C TL peak (heating rate differences accounted for). This particular peak position was present in the samples which were either Ti-doped or annealed in reducing atmosphere implying again connection with oxygen vacancies. One must note, however, that there are several configurations and charge states of vacancies in ZrO 2 , some of which may exist as aggregates and in combination with (unintentional) impurities like Ti. This is also implied by the literature reports of several other TL peaks in addition to the ones observed in this work. Therefore a detailed assignment of all TL peaks requires further investigation.
Conclusions
It is concluded that the sol-gel-prepared m-ZrO 2 nanopowders annealed above 1000°C contain a single prevalent luminescence centre emitting at 490 nm and at least five traps with activation energies 0.75, 0.95, 
